Objectives. Postintubation tracheal ruptures (PTR) are rare but cause severe complications. Our objective was to investigate the tracheal pattern of injury resulting from cuff inflation of the tracheal tube, to study the two main factors responsible for PTR (cuff overinsufflation and inapplicable tube sizes), and to explain the context, why small women are particularly susceptible to PTR.
INTRODUCTION
Iatrogenic postintubation tracheal ruptures (PTR) are rare but severe complications are estimated to occur in 0.05%-0.37% of intubations [1] . Its importance is due to the high overall mortality rate of 22% [1] . In literature, there are few case studies with isolated patients, the largest involving 30 patients [2, 3] . PTR typically occur in emergency situations during multiple forced intubation attempts in combination with inexperience of the health professionals [1, 4] . However, PTR can also occur during elective surgeries [5] . The percentage of women affected is 86.2%, who are on average over 50 years old [1, 4] . The smaller body size of females [6] and children [7] is assumed to be a predisposing factor when relatively large tubes are selected [8, 9] . These oversized tubes are placed too far distally and cause PTR in the lower third of the trachea [10] . Almost all PTR described in the literature were found on the posterior wall of the trachea, usually longitudinally along the right tracheal side and rarely centred [11, 12] .
Since evidence based data for the maximum allowable cuff pressure has not been available to date, the recommended maximum cuff pressure is 30 mbar. Cuff pressures exceeding 30 mbar reduce blood flow, and cause complete blockage over 45 mbar [13] . Both may damage mucosal tissue leading to tracheal stenoses, trachea-oesophageal fistula or tracheal perforation [14] . Nevertheless, 10% of all ventilated patients experience ischemic damage of the tracheal mucous membranes despite high volume, low pressure cuff tubes being used [14] . Manual regulation of the tube cuff leads to the recommended pressure range in <30% of cases, even for experienced emergency physicians [5, [15] [16] [17] . Very few reports in literature have investigated the effect of the tracheal tube cuff on the tracheal membrane. In vivo animal studies have shown microscopic alterations of the tracheal wall depending on the cuff shape [18] . In vitro studies used a tracheal cadaver [19] or model trachea [20] to determine mucosal pressures. These studies used the recommended volume or pressure according to the manufacturers' instructions. The exact mechanism of PTR and the values of pressure rupture resistances continue to remain uncertain. The most common hypothesis for PTR is overinsufflation of the cuff, usually in connection with the use of oversized tracheal tubes [5, 8, 9, 11, 16, [21] [22] [23] , both of which can be prevented. Our research group has previously produced evidence for appropriate tube size selection according to a body size based nomogram [24] . In literature, there is neither an experimental model for PTR, nor data on tracheal pressure rupture resistance. The aim of the present study was to develop an experimental in vitro model of human tracheal specimens in order to study tracheal injury patterns resulting from tracheal intubation tubes, and to study the two main factors responsible for PTR, cuff overinsufflation and inapplicable tube sizes. We also investigated the influence that body size and sex difference has on the risk of tracheal ruptures, as the smaller body size of females [6] and children [7] is assumed to be a predisposing factor.
MATERIALS AND METHODS
An experimental study was performed on 28 fresh human laryngotracheal cadaveric specimens, including the main bronchi (16 males, 12 females). The study was approved by the Institutional Ethics Authorities and there was written informed consent for all post mortem examinations. The study included all specimens of autopsies performed between September 2011 and September 2012 in a tertiary hospital. Excluding criteria were existing or previous tracheostoma, malignancies or other suspicious diseases involving the trachea and any other criteria which required further investigation. The patients' characteristics (age, height, gender, tracheal diameter) were recorded in Table 1 . The laryngotracheal specimens were preserved in a fridge (4°C). The experiments were performed within 24 hours post autopsy. During preparation of the laryngotracheal specimens, the structure of the esophagus at the trachea's posterior wall was relaxed in many cases, with the oesophagus partially or completely peeled off. The outer saggital and coronal tracheal diameters were measured 2 cm below the cricoid cartilage using a calliper ruler.
Artificial ventilation was simulated using an underwater construction by connecting the trachea and main bronchus with an artificial lung, which consisted of small tracheal tubes closed by a commercial air balloon (Fig. 1) . The water temperature was 25°C. A tracheal tube was placed subglottically and fixated to the laryngotracheal cadaveric specimen using sutures. The tracheal tube was connected with a respirator to ventilate the artificial system (ventilation modus; ventilation frequency 18/minute ventilation volume 71/minute). The tube cuff pressure was adjusted using a gaged digital manometer (P40.2, SIKA, Kaufungen, Germany). The cuff pressure was increased by 100 mbar every 5 minutes until a tracheal lesion or bubble escape was detected. Before the cuff pressure was increased, the pressure was completely released for 1 minute. The saggital and coronal outer tracheal diameters were determined after each increase of pressure. The localization of the tracheal lesion was detected visually. The pressure rupture resistance was defined as the measured pressure at the time of tracheal lesion detection. We used standard high volume, low pressure, cuffed tracheal tubes (Safety Flex, Mallinckrodt, Covidien, Neustadt/Donau, Germany) with a tube size of 6.0-10.0 internal diameter. The tube size was applied according to the patients' height and determined by the nomogram [24] . For subclassification, the 28 laryngotracheal cadaveric specimens were divided by patient height into two equally sized, height dependent groups, one 'taller' and one 'shorter' (14 cadavers in each group). In 7 cadavers of each of the two groups, we used the applicable tube size according to the nomogram, and in the other 7 we used an oversized tube, which was one size bigger than recommended by the nomogram (e.g., 9.0 instead of 8.0).
Statistical analyses were performed using SPSS ver. 17 (SPSS Inc., Chicago, IL, USA). Differences in nonnormally distributed data were examined using the Mann-Whitney U-test. The probability of a tracheal rupture depending on pressure rupture resistance was calculated using the Kaplan-Meier analysis, represented as 1 minus the probability of survival. The confidence interval (CI) was 95%. Different groups were compared using the log-rank test. Statistical significance was defined as P≤0.05 in all tests.
RESULTS

Location of the tracheal ruptures
In all tracheal specimens, a longitudinal tear occurred in the middle of the pars membranacea. The extension of the perforation corresponded to the cuff size. The rupture occurred in the pressure increase during cuff inflation phase.
Pressure rupture resistance of the tube cuff
The pressure rupture resistance of the 28 specimens investigated at the time of the tracheal rupture ranged between 700 and 1,300 mbar ( Fig. 2A) . The relative increase in the sagittal and coronal tracheal diameter exhibited approximately equal values. Therefore, we present as an example the diagram for the coronal diameter (Fig. 2B) . The diagram shows a logarithmic trend with increasing pressure rupture resistance. For further investigation of PTR risk, we studied the influence of body height, sex difference, and appropriate tube size according to the pressure rupture resistance.
Pressure rupture resistance during PTR depending on tube size applicability
The pressure rupture resistance during tracheal ruptures was a median of 1,200 mbar in suitable and 800 mbar in unsuitable tube sizes, according to the patients' body height. Unsuitable tubes had a significantly lower pressure rupture resistance (P< 0.001) (Fig. 3A) . The relative increase in the tracheal diameter both coronary and sagitally was increased using unsuitable tubes compared with suitable oversized tubes (data not shown). The probability of PTR rises with increasing pressure rupture resis- tance (Fig. 3B ) and differs significantly with both suitable and unsuitable tubes (P<0.001). For example, the probability of a tracheal rupture using a cuff pressure of 700 mbar and a suitable tube is 7% (95% CI, 0 to 21), whereas for an unsuitable tube the probability is 23% (95% CI, 0 to 46). When using a cuff pressure of 1,000 mbar, the probability increases to 29% (95% CI, 5 to 52) for suitable tubes and to 85% for unsuitable oversized tubes (95% CI, 65 to 100).
The influence of patients' height and sex difference on tracheal pressure rupture resistance
The tracheal specimens were divided into two equally sized groups (n=14) depending on the patients' height. The first group included the specimens of patients ≤163 cm (shorter height) and the second group the specimens of patients ≥164 cm (taller height). A trend toward an increased risk of tracheal ruptures was found in shorter patients (P=0.069), which was negligible when applicable tube sizes were used (Fig. 4A) . Shorter patients were significantly more susceptible to tracheal ruptures when unsuitable tubes were used (P=0.005) (Fig. 4B) .
The tracheal specimens were removed from 16 males and 12 females. The tracheal pressure rupture resistance did not show any statistical difference between the two groups (P=0.565). 
DISCUSSION
The exact mechanism of PTR continues to remain uncertain. In literature, there are few case studies, the largest involving 30 patients [2, 3] . The most common hypothesis for PTR is overinsufflation of the cuff, usually in connection with the use of oversized tracheal tubes as PTR are most often found in women [5, 8, 9, 11, 16, [21] [22] [23] . There is, however, no data on tracheal pressure rupture resistance in literature. We therefore developed an experimental in vitro model in the current study, designed to measure pressure rupture resistances. We also investigated the extent to which pressure rupture resistance depended on tube size. We used fresh human laryngotracheal specimens within 24 hours post autopsy. Since there has been no official, evidence based guidelines for tube size selection, a suitable or unsuitable tracheal tube has been determined by a nomogram published previously by our research group [24] . The nomogram is based on patient height and tracheal diameter. In half of the specimens, a proper fitting tube was used, whereas in the other half an oversized (one size bigger) tube was used (e.g., 9.0 instead of 8.0). In our study, the pressure rupture resistance measurements ranged between 700-1,300 mbar. These values are far above the generally recommended upper limit of 30 mbar for cuff blocking, which can already cause mucosal tissue damage, crust formation and lead to tracheal stenosis [14] . However, several studies indicate that manual regulation of the tube cuff without a pressure gauge leads to the recommended pressure range in <30% of cases [5, [15] [16] [17] . In most cases, even experienced emergency physicians produced cuff pressures above 100 mbar [16] . The exact pressure values could not be specified because the cuff pressure gauge devices can only measure up to 100 mbar. Since in most cases, the actual cuff pressure in manual regulation was above 100 mbar, some cases may have reached cuff pressures of 1,000 mbar. The actual pressure is therefore certainly underestimated. Our diagram investigating coronal diameter and pressure rupture resistance showed a logarithmic trend of the cuff pressure with a low gain of the tracheal diameter above 100 mbar, despite greatly increasing cuff pressure (Fig. 2B) . According to Boyle's law, a small volume gain leads to a strong increase in cuff pressure (pressure and volume are constant) whereas in practice, pressure values of 1 bar may be reached. Changes of the posterior tracheal wall, such as scars, alter the properties of the pars membranacea (e.g., elasticity) and may therefore also contribute to PTR at lower pressure rupture resistances. Additionally, nitrogen oxide and other volatile anesthetics diffuse into air-filled cavities and further increase the cuff pressure due to permeability of the cuff tube [25] . A limitation of the cuff pressure (e.g., maximum cuff pressure of 50-100 mbar) could prevent overinsufflation, i.e., due to overpressurised cuff valves. These values are arbitrary. A limit of lower values to around 30 mbar impairs the filling of the cuff. Another possibility would be automated cuff pressure modulation [26] .
The risk of tracheal ruptures rises with increasing pressure resistance and is represented using one minus survival by the Kaplan-Meier analysis (Fig. 3) . The size range or suitability of the tube plays a crucial role. Unsuitable large tubes had significantly lower resistance rupture pressure compared with applicable tubes. This is caused because unsuitable oversized tubes reach higher cuff volumes compared with applicable tubes at equal pressure ratios. In clinical observations, an increased risk of tracheal ruptures was found in shorter patients [1, 6] . In our study we also observed this tendency when we divided the patients into two equally sized groups depending on their heights. The cutoff for this subclassification in our study was 164 cm, which is consistent with case series of PTR patients [11, 27] including all patients less than 165 cm.
However, when we considered only the specimen with suitable tube sizes, we found an equal median pressure in both groups (Fig. 4A) . Shorter patients were nevertheless significantly more susceptible to tracheal ruptures when unsuitable tubes were used (Fig. 4B) , which may explain the clinical reports. The subclassification by gender was not identical to the subclassification according to patient height. In the group of shorter patients, three men were included, whereas the group of taller patients included no females. The pressure rupture resistance did not demonstrate any statistical difference with respect to females. The increased occurrence of PTR in females and shorter patients may be caused by unsuitably oversized tubes according to patient height [28] .
Another important aspect of postintubational tracheal ruptures is the different cuff design and tube coat, which have scarcely been studied. The cuff length differs between manufacturers. A longer cuff is restricted by a larger contact surface, which may alter the elasticity of the posterior tracheal wall and be predisposed to tracheal ruptures. In this study, we used high-volume, low-pressure, cuffed tracheal tubes made of silicone with a round or cylindrical shape. These tubes have a reduced risk of pressure induced mucosal damage compared to the previously used high volume, low pressure, cuffed tubes made of rubber. The recently available conical shape is designed to ensure a better cuff seal on the tracheal wall. Recent studies have investigated self-expanding, foam shaped endolaryngeal tubes, which may cause significantly less tracheal injuries [29] .
The tracheal rupture in the middle of the posterior tracheal wall in this experimental model can be explained by the partial or total separation of trachea and esophagus resulting from the preparation. This preparation was required for the local and early detection of posterior tracheal tears and for determining the increasing tracheal diameter. The increased risk of tracheal ruptures after esophagotomy or mobilization of the esophagus support this hypothesis [30] . Anatomically, the esophagus is located posterior to the trachea with a slight shift to the left. This explains the discrepancy between the centered longitudinal posterior tracheal wall ruptures in vitro and the right-sided in vivo findings [11, 12, 23] .
In the present study, only a limited number of in vitro preparations were investigated in an artificial model. This systematic study provides evidence for tracheal resistance rupture pressure. Larger specimen numbers may allow more comprehensive conclusions. In contrast to a high absolute pressure, an experimental setup at a lower pressure for several hours is conceivable. The laryngotracheal specimens were prepared postmortem, and were therefore difficult to apply to physiological conditions. Alterations of the tissue occur both as a result of death and specimen preparation, and have a significant influence on the stability of structures. Animal models may therefore have advantages [18] . The influence of cuff geometry and foam, sponge-filled cuffs would then also be able to be investigated.
In conclusion, this experimental model provides information about tracheal patterns in PTR for the first time. The model confirms by experiment the observations of case series in PTR patients, and therefore emphasizes the importance of correct tube size selection according to patient height. This minimizes the risk of PTR, especially in shorter patients, who have an increased risk of PTR when oversized tubes are used.
